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Abstract
Subcritical fatigue crack growth, from cyclic tensile loading, was demonstrated in warm pressed polycrystalline lithium hydride. Experiments were performed with cyclic tensiontension crack opening (mode I) loads applied to a pre-cracked compact type specimen in an argon environment at a temperature of 21°C (70°F). The fatigue crack growth was found to occur between 7.56~10-11 dcycle ( 2 . 9 8~ 10-9 idcycle) and 2 . 3 5~ 10-8 dcycle (9.24~10~7 idcycle) for a range of stress intensity factors between 1.04 M P a a (0.95 k s i . 6 ) and 1.49 M P a h (1.36 ksi.&). The rate of fatigue crack growth from cyclic tensile loading was found to be in excess of crack growth from sustained loading at an equivalent stress intensity factor. Furthermore, a fatigue threshold was not evident from the acquired data.
Nomenclature crack length, a linear measure of a principal planar dimension of the crack measured from the load-line to the tip of the crack. crack extension, an increase in crack length. specimen thickness.
normalized K-gradient, the fractional rate of change of K with increasing crack length.
constants in the crack growth relationship defined by dddN = C(AK)m.
compact type specimen, as defined in ASTM E647-9 1. dddN fatigue crack growth rate, the rate of crack extension caused by fatigue loading and expressed in terms of average crack extension per cycle.
E
Young's modulus.
G energy release rate (or crack extension force), the elastic energy per unit of new separation area that is made available at the front of an ideal crack in an elastic solid during a virtual increment of forward crack extension.
K stress intensity factor, a measure of the stress and deformation field that surrounds a crack-tip.
I&l closure stress intensity factor, the stress intensity where during the unloading portion of a fatigue cycle the opposing crack faces near the tip of the crack come into contact before the minimum load of the cycle is reached.
KIC plane strain fracture toughness, the crack extension resistance under conditions of crack-tip plane strain.
K , ,
highest algebraic value of the stress intensity factor in a cycle, the value corresponding to the maximum load ( P a .
Kmin lowest algebraic value of the stress intensity factor in a cycle, the value corresponding to the minimum load (Pmin) when the load ratio (R) is greater than zero and is set equal to zero when R is less than or equal to zero.
AK range of stress intensity factors, the algebraic difference between the maximum and the minimum stress intensity factor in a cycle, AK = K , ,
-Kmin.
AK* fatigue threshold range of stress intensity factors, the value below which crack growth is assumed negligible. For the purpose of this investigation, the fatigue threshold crack growth rate was defined as da/dN = l.OOxlO-~~ &cycle ( 3 . 9 4~ 10-9 idcycle). N number of elapsed load cycles. P load, the force applied to the test specimen.
P, , load having the highest algebraic value in a cycle, tensile load being considered positive and compressive load negative.
Pload having the lowest algebraic value in a cycle, tensile load being considered positive and compressive load negative. -
AF'
range of loads, the algebraic difference between the maximum and minimum loads in one cycle, AP = P ,
,
-Pmin.
Q
a dimensionless parameter which depends on the specimen geometry.
Introduction
Lithium hydride is used as a he1 for thermonuclear devices. To insure satisfactory performance of these devices, the lithium hydride components must maintain their physical shape and structural integrity when exposed to vibration during their lifetime. Therefore, the ability to predict the structural survivability of a lithium hydride component in a vibration environment is desired. Accordingly, the motivation for this investigation was to provide a portion of the information necessary to predict this survivability.
Experience has demonstrated that a crack in lithium hydride traverses a structural component at a rate proportional to the amplitude of the vibration environment El].
Therefore, subcritical fatigue crack growth was reasoned to occur in lithium hydride.
Accordingly, this investigation was conducted to confirm the existence of subcritical fatigue crack growth in warm pressed polycrystalline lithium hydride; and to quantify the rate of crack growth in a cyclic tensile loading environment (da/dN) as a hnction of the crack-tip range of stress intensity factors (AK).
The testing was accomplished by loading a pre-cracked compact type specimen, manufactured fiom warm pressed polycrystalline lithium hydride, with cyclic tensiontension crack opening (mode I) loads, in an argon environment at ambient room temperature.
Fracture Mechanics and Fatigue Crack Growth
Traditionally, a stress-life approach has been used to estimate the structural degradation of a component exposed to cyclic loading. In recent years, a fracture mechanics approach has gained popularity as a method to estimate crack growth behavior in a cyclic loading environment. The fiacture mechanics approach utilizes the stress intensity factor as a method of quantifling the driving force for crack advance. The stress intensity factor quantifies the stress and deformation field that surrounds a crack-tip, rather than the stress at the crack-tip. The stress intensity factor (K) depends on the crack length (a), the applied stress ( B ) , and the specimen geometry (Q) in the following way [2]:
The fracture mechanics approach is based on the theory of linear elasticity and is valid 
The range of stress intensity factors is used to quanti@ the driving force for crack advance under cyclic loading. The driving force can be reduced below the applied AK by premature contact between the faces of the crack during unloading (crack closure). Crack closure is produced by a variety of mechanisms and is often quantified by determining a closure stress intensity which replaces the Kmin in the AK expression.
The fbnctional relationship between the fatigue crack growth rate and the range of stress intensity factors has been successfblly applied to metals, ceramics, granite, and other materials. The fatigue crack growth behavior of ceramics is of particular interest because of the similarities between ceramics and warm pressed lithium hydride. As with many ceramics, lithium hydride has strong atomic bonds. Hence, both ceramics and lithium hydride are prone to brittle fracture and low values of fiacture toughness @IC). In contrast, most metals are able to deform and absorb energy during crack propagation.
Therefore, metals are generally prone to a more ductile fiacture and higher values of fiacture toughness.
A long standing viewpoint has been that ceramic materials are not subject to significant degradation from cyclic loading [8]. This view was based mainly on the negligible amount of plastic deformation capacity believed to be available at the crack-tip within the ceramic microstructures. The conclusion was supported by observations that cyclic crack growth in Si3N4, porcelain, and glass, was a result of environmentally induced subcritical crack growth (stress corrosion cracking) under varying load [9, 10, 11] . Accordingly, environmentally induced subcritical crack growth from sustained load received the majority of attention [12, 13] in the early years of study. However, recent studies have demonstrated that fatigue damage does occur in cyclic loading of ceramics. In the late 1980's, fatigue crack growth was demonstrated for ceramics in cyclic compressive loads of notched specimens [14, 15] . In these studies, the primary mechanism for crack growth was attributed to the residual tensile stresses created at the notch-tip upon unloading from compression. In the late 1980's and early 199O's, fatigue crack growth was demonstrated for ceramics in cyclic tension-tension loading of compact tension specimens [ 16,17,18,19,20j . In these studies, the rate of crack growth fiom cyclic loading was found to exceed that fiom sustained loading. Therefore, the crack growth was demonstrated to be a genuine fatigue phenomena and not a direct cyclic manifestation of crack growth fiom sustained loads. Of particular interest is the successfbl demonstration of fatigue crack growth fiom tensile loading in pyrolytic carbon-coated graphite [21] because of its similar fracture toughness to lithium hydride. In this study, the subcritical crack velocities were found to exceed those measured fiom equivalent sustained loads and to occur at 45% lower stress intensity factor levels. The crack growth in these cyclic tensile loaded specimens was suggested to be a result of mechanisms which damage the microstructure ahead of the crack-tip, as well as those which do not necessarily differ from the crack advance mechanisms found in fracture fiom sustained loading, but enhance the crack driving force by reducing the crack-tip shielding.
Experimental Procedure

Test Specimen Material
The material is identified as warm pressed polycrystalline lithium hydride. The test specimens were fabricated from material which is the same as that used in production devices. The specimens were machined to shape in a dry environment (less than 10% relative humidity) and were further dried in a vacuum oven for approximately one week to ensure their similarity in moisture content.
Test Specimen Configuration
Cyclic fatigue crack growth studies were performed with a single edge-notched compact type C(T) specimen containing a through-thickness fatigue pre-crack. The specimen was The compliance technique of indirectly measuring the crack length was found to be temporarily unstable following an increase in load. More specifically, when the load was increased, for the purpose of providing a larger AK, the measurement of the crack length would reduce by as much as 0.1 mm (0.004 inch). Thereafter, the measurement of the crack length would restabilize and slowly return to the true value (as optically measured).
The instability was quantified by using an aluminum specimen having a machined slot to serve as a known and unchanging crack. The aluminum specimen was loaded in cyclic tension with the same load and displacement range used for the lithium hydride specimen.
Furthermore, the load and displacement data from the aluminum specimen was acquired and reduced using the same method as for the lithium hydride specimen. The data from the aluminum specimen illustrated that the crack length measurement instability contributed to questionable fatigue crack growth measurements for as many as 150,000
cycles following an increase in load. In particular, following a load increase, the measured crack length would abruptly reduce and then slowly return to the true crack length. Since the data acquisition software could not differentiate between a true change in crack length and a fictitious change resulting from a load increase, fatigue crack growth rates were calculated for all of the data. Therefore, the validity of the fatigue crack growth data acquired in less than 150,000 cycles following a load increase was considered questionable.
Optical techniques, with a traveling microscope, were used to veri@ the compliance crack length measurement. Only the initial crack length was verified for the first specimen.
However, the initial and final crack lengths were verified for the second specimen. The optically measured crack length was found to be 9% longer than the length measured using compliance.
The fatigue crack closure was measured using the same load and displacement signals as used for the crack length measuremept. The crack closure measurement was accomplished using a correlation technique to identi@ the load at which the loaddisplacement curve transitions fiom linear to non-linear. The loading portion of the cycle was used for each determination so that any hysteresis would not effect the measurement.
The correlation technique involved fitting a straight line to the upper 20% of the loaddisplacement data using a least squares method. Then, successive least squares fits were made, incorporating consecutive load-displacement data points. A correlation coefficient was calculated for each successive straight line fit to provide a measure of the correlation between the data and the straight line. The load at which crack closure O C C U K~ was associated with that data point which, when incorporated into the least squares fit, caused the correlation coefficient to decrease from the previous coefficients.
Pre-cracking
Owing to the brittleness of the lithium hydride, the load required to initiate the crack was anticipated to be larger than the load required to advance the crack just after initiation.
Since an excessive load could result in abrupt crack extension, and possibly complete failure, crack initiation was accomplished by growing a crack out of a wedge-shaped starter notch using cyclic tensile-tensile loading under displacement control. However, the second specimen was pre-cracked by an inadvertent compressive load. While the compression of the specimen was not intended, it appeared to produce an acceptable precrack and was therefore used for hrther testing.
Loading Technique
The specimens were cycled according to the guidelines in ASTM E647-91 "Standard Test 
Loading of the specimen following the pre-cracking was performed under computer control.
Test Environment
The tests were performed in an argon gas environment a temperature of 21OC (7OOF).
Test Apparatus Fig. 2 shows the experimental equipment used for this investigation. The tests were conducted using an electro-servo-hydraulic test system. A computer was interfaced to the system for test control and data acquisition. The K-decreasing loading was performed under stress intensity factor control with the use of a strain gaged load cell and a compliance measured crack length. The pre-cracking was performed under displacement control with the use of a Linear Variable Differential Transformer displacement transducer mounted on the specimen. The displacement transducer was also used in the compliance measurement of the crack length and for evaluating crack closure. The loading fixtures were designed to minimize non-axial loading while providing a high axial stiffness.
Because lithium hydride reacts with moisture in the air, a low humidity environment was provided with an environmental enclosure surrounding the test unit. Fig. 2 . The test set-up was designed to minimize non-axial loading while providing a high axial stiflhess, and to maintain an argon environment around the lithium hydride.
Data Reduction
The fatigue crack growth rate was expressed on a log-log plot of dddN as a fimction of the crack-tip range of stress intensity factors (AK). The stress intensity factors were calculated fiom an expression based on linear elastic stress analysis. For the compact type specimen, the range of stress intensity factors was calculated as AK = Km -Kmin where the stress intensity factor (K) is related to the load (P), the specimen thickness (B), the specimen width 0, and the crack length (a) in the following way: 
Experimental Results
Subcritical fatigue crack growth, from cyclic tensile loading, was demonstrated in warm pressed polycrystalline lithium hydride.
The fatigue crack growth was found to occur between 7 . 5 6~1 0 -l~ dcycle (2.98~ idcycle) and 2 . 3 5~ IOes &cycle (9.24~ 10" idcycle) for a range of stress intensity factors of 1.04 M P a h (0.95 ksi.&) to 1.49 M P a h (1.36 ksi&). The results from two test specimens are plotted in Fig. 3 w i t h the fatigue crack growth rate (da/dN) represented as a function of the range of stress intensity factors (AK). The fatigue crack growth data is also provided in Appendix C. The data points whose validity is questionable, as discussed in the Crack Length and Crack Closure Measurement section, are also illustrated in Fig. 3 . The rate of fatigue crack growth is conventionally related to the range of stress intensity factors encountered in the cyclic loading environment using the Paris Law relationship. However, the scatter of the data illustrated in Fig. 3 does not necessarily lend itself to a relationship such as the Paris Law. Nevertheless, to provide a basis for comparison of the test data to the Paris Law relationship for other materials, the fatigue crack growth rate was correlated to the range of stress intensity factors to provide a power-law relationship of da/dN = 4.28~10-~1(AK)1~ for units of dcycle, M P a h (da/dN = 6.54xlO-g(AK)14 for units of idcycle, ksi&). The power-law reIationship, as denoted by the solid line in Fig. 3 , was predicated on the data point having the lowest fatigue crack growth rate and the data point having the median fatigue crack growth rate of those data points from specimen No. 1. Fig. 3 . Cyclic loading at 20 Hz and R=O. 10 resulted in fatigue crack growth rates between 7.56~10-11 dcycle and 2.35~10-8 idcycle for a range of stress intensity factors of 1.04 M P a h to 1.49 M P a f i .
A fatigue threshold was not evident fiom the acquired data. However, for the purpose of this investigation, the fatigue threshold range of stress intensity factors (AKth) was defined as that value below which the crack growth rate was less than 1 . 0 0~1 0 -~~ dcycle (3.94~10-9 idcycle) 1261. The AKh was found to be 1.05 M P a f i (0.96 ksi&).
Discussion
The research presented here represents the first known evidence of the fatigue crack growth behavior in warm pressed polycrystalline lithium hydride. The existence of cyclic fatigue crack growth phenomena in lithium hydride runs counter to the belief that brittle ceramic-like materials are not susceptible to subcritical fracture by cyclic fatigue [27].
Using fatigue crack growth data from two test specimens, a conventional power-law relationship of the form dddN = C(AK)* was calculated. The exponent of the power-law relationship, m = 14, was found to be in excess of that for most metals An expected question resulting from a fatigue crack growth test of brittle material, such as performed here, is whether the observed crack growth was a genuine fatigue crack growth phenomena or a result of environmentally induced subcritical crack growth from varying load. To address this issue, a 22 hour sustained load test was performed with a Kmax = 1.60 M P a G (1.46 ksi&). While the sustained load test produced no detectable crack extension, the range of stress intensity factors for a Kmax of this magnitude in a cyclic load test, having a load ratio of 0.1. would result in an obvious crack extension. Therefore, the observed cyclic crack growth in this investigation was believed to be a result of the cyclic loading.
The mechanisms of cyclic crack advance in metals are typically attributed to dislocation plasticity. The limited crack-tip plasticity in ceramics has encouraged a viewpoint that these materials were not prone to significant degradation by fatigue. However, with the recent demonstration of fatigue crack growth in ceramics, potential inelastic deformation mechanisms have been suggested [20, 21, 27] . Crack growth from mechanisms which damage the microstructure ahead of the crack-tip, as a result of the unloading cycle, have been suggested for ceramic materials. These mechanisms could involve crack extension by successive crack-tip blunting and resharpening (as in metals), or by the accumulation of shear or tensile cracking at the tip, resulting from the contact of fiacture surfaces on unloading. Additionally, crack growth from mechanisms which do not necessarily differ from the crack advance mechanisms found in fracture from sustained loading, but enhance the crack driving force by reducing the crack tip shielding, have also been suggested for ceramic materials. Crack tip shielding is a toughening mechanism which serves to shield the crack tip from the full impact of the crack driving force, thereby increasing the fracture toughness and lowering the fatigue crack growth rates [29] . Possible mechanisms which reduce the crack-tip shielding include 1.) damaging of the crack bridging (where bridging is the retention of material ligaments across the fracture plane), 2.) damaging of the fracture sufiace wedging and interlocking asperities, 3 .) degrading of the transformation toughening in transforming ceramics. The reduction in crack-tip shielding increases the near-tip stress intensity factor compared to sustained loading conditions. Because of the similarities between lithium hydride and ceramics (their propensity for brittle fracture and their low values of fracture toughness), many of these suggested fatigue mechanisms for ceramics, which damage the microstructure ahead of the crack-tip and increase the crack driving force, are potential mechanisms for subcritical fatigue crack growth in lithium hydride as well.
In view of the observed fatigue crack growth results, neglecting the fatigue effects in the design and life prediction of a lithium hydride component which is exposed to cyclical loading will result in an overestimate of the expected Iife.
Conclusions
1. SubcriticaI fatigue crack growth, fiom cyclic tensile loading, was found to exist in warm pressed polycrystalline lithium hydride.
2.
The fatigue crack growth was fourid to occur between 7 . 5 6~1 0 -~~ &cycle (2.98~10-9 idcycle) and 2.35x10-* dcycle (9.24~10-~ idcycle) for a range of stress intensity factors of 1.04 M P a f i (0.95 k s i -6 ) to 1.49 M P a f i (1.36 ksi-&).
3. A cyclic fatigue crack growth behavior was demonstrated by a higher rate of crack growth in tension-tension cyclic loading as compared to the rate of crack growth from sustained loading (at an equivalent stress intensity factor). 
4.
